We have determined the change in immunoreactivity (IR) for microtubule-associated protein 2 (MAP-2) and synaptophysin (SYN) as markers for dendritic and presynaptic nerve development, respectively, in the ovine fetal brain with advancing gestation and in response to intermittent umbilical cord occlusion (UCO), which might then contribute to adverse neurodevelopment. Fetal sheep (control and experimental groups preterm at 111-115 and near term at 132-138 days of gestation; term ¼ 145 days) were studied over 4 days with UCOs performed by inflation of an occluder cuff for 90 seconds every 30 minutes for 3 to 5 hours each day. Animals were then euthanized and fetal brains assessed for IR of MAP-2 and SYN. In control animals, the IR of SYN increased in the gray matter with advancing gestation consistent with a developmental increase in presynaptic vesicles and/or nerve terminals as expected; however, the IR of MAP-2 decreased in all brain regions studied, suggesting concurrent refinement in dendritic branching and spine development. Intermittent UCO as studied with marked but limited hypoxemia resulted in a decrease in IR of SYN for the brain regions of the preterm animals when protein turnover is higher and indicates decreased presynaptic vesicle formation; whereas, MAP-2 IR was selectively increased in the hippocampus CA1 and thalamus of the near-term animals, consistent with reactive dendritic change and heightened vulnerability for neuronal injury. As such, intermittent cord compressions in the ovine fetus can impact protein markers for dendritic and presynaptic nerve development depending on their timing, which might then lead to alterations in synapse formation and neuronal circuitry.
Introduction
Neuronal connectivity with the formation of functional synapses and fine-tuning of neuronal specificity is an important aspect of brain development underlying learning and memory in postnatal life. This is a highly dynamic process involving axonal growth, synapse, and dendritic spine formation that is dependent on the availability of growth factors and in particular brain-derived neurotrophic factor (BDNF), new protein synthesis and increased energy metabolism, and activity-dependent synapse remodeling, whereby the more competitive connections are preferentially stabilized while others are eliminated. [1] [2] [3] [4] [5] [6] [7] [8] [9] For prenatal brain developers such as sheep and primates and for humans as perinatal brain developers, the most rapid phase of synapse formation is initiated in the latter half of pregnancy. [9] [10] [11] [12] As such, adverse pregnancy conditions that disrupt regulatory mechanisms of synapse formation may lead to altered development with later cognitive impairment as seen in humans born growth restricted with increased risk of minimal brain dysfunction, attention-deficit disorders, and possibly schizophrenia and autism. [13] [14] [15] [16] [17] Variable fetal heart rate (FHR) decelerations suggestive of umbilical cord compression and resultant fetal hypoxemia are seen in 2% to 10% of antenatal FHR recordings near term and are associated with increased incidence of nuchal cord evident at delivery 18, 19 and in turn lower birth weight. 20 As such, chronic/intermittent cord compression likely occurs during some human pregnancies, with the potential to affect longer term growth and development, including that of the brain. In this regard, the association of infants with a symptomatic and/or tight nuchal cord at delivery and the later development of subclinical neurodevelopmental deficits 21 and cerebral palsy 22 implicates a role for chronic intermittent cord occlusion insults.
We have previously shown that intermittent umbilical cord occlusion (UCO) of short duration through the later part of pregnancy in the ovine fetus has minimal effects on measures of cellular necrosis 23 and apoptosis 24 within the brain. However, decreases in low-voltage electrocortical activity 25 and BDNF immunoreactivity (IR) 26 have been noted and might impact growth processes within the brain, as seen in preterm animals with a selective decrease in structural proteins. 27 This tolerance of the fetal brain for cord occlusion insults is consistent with the apparent ability of the brain to protect cell membrane integrity and thus viability by shutting down nonessential metabolic activity. 28 Although protecting from cell death, the intermittent disruption of nonessential metabolic activity over longer antenatal time periods may then have consequences for altered growth processes as seen with the decrease in intermediate filament proteins 27 and likely extending to other proteins with high rates of turnover.
The high-molecular weight isoforms microtubule-associated proteins (MAPs) 2a and 2b are localized to the neuronal cell body and dendrites in the developing brain and have become an established marker for dendritic development. 29, 30 Synaptophysin (SYN) is an integral glycoprotein localized to the membrane of presynaptic vesicle boutons and has been used as a marker protein of presynaptic nerve development. 31, 32 In the present study, we have determined the IR of MAP-2 and SYN in the preterm and near-term ovine fetal brain after several days of intermittent cord occlusion insults to test the hypothesis that this insult will lead to a reduction in synapse formation. 26, 27 We have also determined the regional and developmental change in MAP-2 and SYN IR in these animals with advancing gestation to test the hypothesis that this will reflect maturational events with an expected increase in synapse formation over this time period.
Materials and Methods

Surgical Procedures
A total of 17 preterm (107-108 days gestation, 9 control, and 8 experimental) and 16 near-term (128-131 days gestation, 8 control, and 8 experimental) fetal sheep of mixed Western breed were prepared surgically for the study (term ¼ 148 days). The surgical procedures and postoperative care have been described previously. [23] [24] [25] In the preterm group animals, polyvinyl catheters (Bolab, Lake Havasu City, Arizona) were placed in the right and left axillary arteries for monitoring fetal arterial blood pressure and for blood sampling; in the cephalic vein for administration of antibiotics; and in the amniotic cavity for pressure recording. In the experimental fetuses, a silicon rubber inflatable occluder cuff (In Vivo Metric, Healdsburg, California) was placed around the proximal portion of the umbilical cord and secured to the abdominal skin. The volume required for complete inflation of the occluder cuff was determined at the time of surgery. The near-term group animals were similarly instrumented, with a polyvinyl catheter additionally placed in the trachea for monitoring fetal breathing movements and with stainless steel electrodes implanted biparietally on the dura for the recording of electrocortical activity and through the lateral orbital ridge of the zygomatic bone of each eye for the recording of electro-ocular activity. The catheters, filled with heparinized saline, and the umbilical cord occluder were exteriorized to the flank of the ewe. In both animal groups, a polyvinyl catheter was additionally placed in the maternal femoral vein for administration of fluids. Postoperatively, the ewes were maintained in metabolic cages suitable for continuous monitoring and were allowed free access to food and water. A 3-day postoperative recovery period was allowed prior to initiation of experiments. Animal care followed the guidelines provided by the Canadian Council on Animal Care and experiments received ethics approval by the University of Western Ontario Council on Animal Care.
Experimental Protocol
Both preterm and near-term animals were studied similarly over a 4-day period. In experimental group animals, following a 1-hour control period, either 7 (days 1 and 4) or 11 (days 2 and 3) complete UCOs were carried out for 90 seconds every 30 minutes. Control animals did not receive UCOs. The time of day for study and the frequency, duration, and intensity of UCOs were similar in the preterm and the near-term animals.
Fetal arterial blood was sampled in both preterm and nearterm experimental animals on days 1 and 4 for the first and last occlusions, 5 minutes prior to, 60 seconds into, and 5 minutes following occlusion. Fetal arterial blood was also sampled 1 hour following the final occlusion on each of these days. On days 2 and 3, fetal arterial blood was sampled 5 minutes prior to the first, sixth, and last occlusion. Fetal arterial blood was sampled from the control animals at similar time points except for the two 60-second cord occlusion samples on days 1 and 4. After the last blood sample on days 1 to 3, the fetus was transfused with an equivalent amount of maternal blood to correct for blood loss (*20 mL on day 1; *12 mL on days 2 and 3). All blood samples were analyzed for PO 2 , PCO 2 , and pH using an ABL-500 blood gas analyzer (Radiometer Medical, Copenhagen, Denmark) with temperature corrected to 39.5 C.
Following the last blood sample on day 4 of study, the ewe and fetus were killed using an overdose of barbiturate (30 mg sodium pentobarbital intravenously; MTC Pharmaceuticals, Cambridge Canada) and an autopsy was done to confirm positioning of the catheters and the umbilical cord occluder.
Tissue Collection and Immunohistochemistry
Fetal brain tissue was collected, perfusion fixed, blocked in paraffin, and sectioned as described previously. 23 Other fetal tissues were also collected and either frozen in liquid nitrogen or placed in fixative for analysis in concurrent studies.
A standardized coronal section of the cerebral hemispheres taken through the mamillary bodies and including the hippocampus and thalamus was produced for each fetal brain. Immunoreactivity for MAP-2 and SYN was localized on the slides using the ABC immunohistochemical technique (Vectastain, Vector Labs, Burlingame, California) as described previously. 27 Primary antisera used were monoclonal mouse anti-bovine MAP-2 (Sigma, St Louis, Missouri, initial dilution 1:1000) and monoclonal mouse anti-bovine SYN (Dako Corporation, Carpinteria, California; initial dilution 1:20). Antigen retrieval was used for SYN staining with incubation in 10 mmol/L citrate buffer in a steam cooker for 25 minutes and then cooling for 25 minutes. All slides for each primary antibody were stained on the same day using the same solutions in order to minimize variation in intensity of stain. Negative controls included substitution of the primary antiserum with nonimmune serum to rule out nonspecific binding and confirmed absence of staining. Positive controls included staining tissue sections that were known to be positive for MAP-2 and SYN.
Quantification of Immunohistochemistry
Morphometric analysis was performed using a transmitted light microscope (Axioscope, Zeiss, Jena, Germany) at 400Â magnification and with the use of image analysis software for quantification as previously reported 26 (Northern Eclipse 2.0, Empix Imaging Co, Mississauga, Canada). Brain regions selected for analysis were those we had previously studied for changes in BDNF and tyrosine kinase receptor (TrkB) 26 and included cerebral mid-parasaggital gray matter (layers 1, 2/3, and 5/6), periventricular white matter, thalamus, and hippocampus (CA1 and dentate gyrus). Four to six high-power fields (HPFs) were analyzed for each region in each animal, and the values for each region then averaged for each animal. Values for the parasaggital gray matter layers 1, 2/3, and 5/6 were further averaged to obtain 1 gray matter value for each animal. Before measuring, the image analysis system was calibrated for the appropriate magnification settings used and all measurements were adjusted for uneven lighting and background staining. Each HPF included in the analysis was visualized and analyzed as images in Northern Eclipse. Each image was first converted to an 8-bit gray scale which changes the color of the stain to gray pixels. Each pixel reflects the inverse intensity of the stain (ie, darker staining objects are converted into lower arbitrary gray scale units). This conversion then allowed a threshold of staining to be selected, thereby allowing for discrimination of what was deemed to be specific staining from background staining.
The IR of MAP-2 was quantified through the selection of a uniform threshold for all brain regions which would include the staining in the cell bodies and neuronal processes. This was accomplished by obtaining gray scale samplings of positivestained areas from multiple brain regions of preterm and near-term control and UCO animals and testing for specificity against the negative and positive controls. Appropriate gray scale ranges for positive staining for area measurements were thus established and a uniform threshold applied to the calibrated images of all brain regions. The intensity of stain in gray scale units was calculated, with the data reported as average intensity of MAP-2 for the brain regions of the different animal groups. Because a lower gray scale value represents a greater intensity of stain, the average intensity is presented in the text and graphically as 1/gray scale unit. This transformation was performed following statistical analysis and was solely for the purpose of better illustrating changes in the true intensity of stain (ie, a greater intensity of stain is thereby reflected in a higher arbitrary value).
The IR of SYN is reported as the fractional area positively stained (ie, above the threshold chosen) for SYN and is expressed as a percentage of the total image area. The IR of SYN varied considerably across regions, with an abundance of staining in gray matter and scant staining in white matter. In order to quantify and compare staining between control and experimental groups in the preterm and near-term animals, images were converted to gray scale and a threshold was selected and applied in a similar manner to that described for MAP-2 but for each region separately. This allowed for a more accurate and realistic comparison for each individual region between control and experimental animals. As such, comparison was not made between the regions, only between experimental groups. All tissue staining and scoring of IR was performed in a blinded fashion to gestational age and to control/experimental groups. Cell counts were also done for all MAP-2 and SYN brain regions imaged since their abundance can also be impacted by neuronal density.
Data Analysis
Results obtained from all animals are presented as grouped mean + standard error of the mean. Data sets were tested for normal distribution using the Kolmogorov-Smirnov test. In the preterm and near-term groups, the blood gas and pH values were analyzed using a repeated measures analysis of variance followed by a Student t-test with Bonferroni correction for multiple comparisons. The IR of MAP-2, SYN, and cell count data were analyzed using unpaired t-tests for differences between the animal groups. For all analyses, statistical significance was assumed as P < .05. As noted, the behavioral state and cerebral necrotic and apoptotic cell injury, structural protein, and BDNF findings for the animal groupings have been previously reported. [23] [24] [25] [26] [27] 
Results
In both preterm and near-term animal groups, cord occlusion caused a large decline in fetal arterial PO 2 (preterm: 24.1 + 0.5 to 6.7 + 0.8 mm Hg, P < .01; near term: 19.9 + 0.7 to 7.6 + 0.8 mm Hg, P < .01), and pH (preterm: 7.36 + 0.01 to 7.30 + 0.01, P < .01; near term: 7.35 + 0.01 to 7.30 + 0.01, P < .01) and a rise in PCO 2 (preterm: 52.3 + 0.6 to 60.2 + 1.0 mm Hg, P < .01; near term: 53.5 + 0.7 to 61.1 + 1.1 mm Hg, P < .01) as studied on days 1 and 4 but returned to control values after the occluder release. Baseline pre-cord occlusion measurements of blood gases and pH were unaltered over the course of each day of study for both the preterm and the near-term control and experimental group animals. However, baseline prefirst cord occlusion pH values did show a small fall over the 4 days of study in each of the study groups (preterm control 7.37 + 0.01 to 7.32 + 0.01, P < .01; preterm cord occlusion: 7.38 + 0.01 to 7.34 + 0.02; near-term control: 7.36 + 0.01 to 7.34 + 0.01, P < .05; near-term cord occlusion: 7.39 + 0.02 to 7.35 + 0.01, P < .05).
In the control group animals with advancing gestational age from preterm to near-term, there was a significant decrease in total number of cells/area imaged in the gray matter layers 2/3 and 5/6, hippocampal dentate gyrus (both P < .01), and in the thalamus (P < .05). However, there was no difference in the total number of cells/area imaged between the occlusion group animals and respective control group values for any of the brain regions studied.
Immunoreactivity of MAP-2
As studied, IR of MAP-2 was evident in both the cytoplasm of the neuronal cell bodies and the processes that appeared as a fine network of positive staining in the neuropil (Figure 1 ), and given its ubiquitous presence was analyzed as intensity of staining. The IR of MAP-2 for all brain regions studied was significantly decreased with advancing gestational age between the preterm and the near-term control group animals, gray matter 19%, white matter 9%, hippocampal CAI 10% and dentate gyrus 13%, and thalamus 21% (P < .05 to P < .01; Figure 2 ). This developmental decrease in IR of MAP-2 continued to be significant and much the same when normalized to the total number of cells/area imaged excepting that for the hippocampal CAI region where this was still decreased, but no longer significant, and the gray matter layer 1 and periventricular white matter where cell numbers were too low to allow for meaningful analysis. Intermittent cord occlusion in the preterm group animals resulted in no significant change in IR of MAP-2 for any of the brain regions studied (Figure 3 ). Conversely, in the near-term animals, there was a significant increase in IR of MAP-2 in the cord occlusion animals compared to the controls in the hippocampal CA1 region and in the thalamus (P < .01 and P < .05, respectively; Figure 3 ).
Immunoreactivity of SYN
As studied, IR of SYN occurred in a widespread granular pattern within the neuropil consistent with localization of the presynaptic boutons (Figure 4 ), and given its more confined presence was analyzed as area of staining. The IR of SYN in the gray matter was significantly increased with advancing gestational age between the preterm and the near-term control group animals by 37% on average (P < .05) but with no significant change for the other brain regions studied ( Figure 5 ). This developmental increase in IR of SYN within the gray matter was even greater in layers 2/3 and 5/6 when normalized to the total number of cells/area imaged, by 2-fold on average (both P < .01), but still with no significant change for the hippocampus CAI and dentate gyrus and thalamus where cell counts were sufficient for meaningful analysis.
Intermittent cord occlusion in the preterm group animals resulted in a decrease in IR of SYN in all of the brain regions which was significant for the white matter (P < .05), the hippocampal CA1 region (P < .01), and the thalamus (P < .01) when compared to that of the control group animals ( Figure 6 ).
Conversely, in the near-term animals there was no significant change in IR of SYN in the cord occlusion animals for any of the brain regions studied ( Figure 6 ).
Discussion
Sheep and primates with peak growth velocity for the brain prior to birth are known as prenatal brain developers, whereas humans with peak growth velocity for the brain at birth are known as perinatal brain developers. 10 These species with much of their early brain development occurring in utero are thereby more vulnerable to adverse pregnancy conditions and altered development with the potential for longer term neurologic sequelae. The current study used a model of intermittent cord occlusion to examine effects on MAP-2 and SYN as measures of synapse formation in the preterm and near-term ovine fetus which might then contribute to altered brain development. Although each cord occlusion insult resulted in a marked but limited drop in fetal arterial PO 2 , no cumulative blood gas or pH changes were observed through each day of study in either the preterm or near-term animal groups, thus ensuring longer term survival and relevance of such study in terms of subsequent growth and development, including that of the brain. Although arterial pH did show a small fall over the 4 days of study possibly due to the chronic instrumentation, this was marginal and seen in all study groups and accordingly should not be contributory to the MAP-2 and SYN differences between the UCO and the control animals. Fetal brains were collected 1 hour after the last cord occlusion on day 4 with the changes in MAP-2 and SYN noted thereby presumed to reflect a cumulative response to chronic intermittent UCOs over the 4 days of study.
In the preterm and near-term control group animals, MAP-2 IR was seen to decrease in all brain regions examined with advancing age from *0.75 to 0.90 of gestation, while IR of SYN was seen to increase in the gray matter over this time period. To date, there has been little study of synapse formation in the ovine species from a developmental standpoint, although the prominent occurrence of the juvenile MAP-1b and MAP-2c isoforms at this time suggests that neuronal outgrowth and synapse maturation have not been completed. 33 Indeed, as a prenatal brain developer a rapid increase in the density of synapses would be expected toward term as is seen in primates. 10, 11 Accordingly, the developmental increase in IR of SYN presently noted in the gray matter likely reflects an increase in the amount of presynaptic vesicles per synapse and/or a structural increase in presynaptic nerve terminals 31, 32 and mainly in the gray matter at this time since synapse formation in the cortex matures later than in subcortical areas. 34 Conversely, the developmental decrease in IR of MAP-2 in all brain regions was unexpected to the extent that presynaptic vesicle formation and postsynaptic dendritic branching occur concurrently, 3, 12 and the MAP-2 antibody herein used specifically targets the 2a and 2b isoforms and thereby dendritic processes, albeit with some staining of neuronal cell bodies at this stage of development. 29 As such, this decrease in IR of MAP-2 may instead reflect the change from an abundance of dendritic branching during early development with a decrease in size and numbers thereafter, but with a concurrent increase in the number of dendritic spines, which are morphologically distinct and more stable structures and better align with the developmental increase in functional synapses. 4 Some of the decrease in IR of MAP-2 may also reflect the growth of the brain over this time period with a shift from neurogenesis to glialgenesis 10 and a decrease in neuronal cell density, although the decrease in IR of MAP-2 continued to be evident even after normalizing for the cell counts imaged, thereby controlling for the developmental decrease in overall cell density. Intermittent cord occlusion over a 4-day period with marked but limited hypoxemia resulted in a significant increase in IR of MAP-2 in the CA1 and thalamus brain regions of the near-term animals but with no changes for any of the brain regions of the preterm animals. Reduction in IR of MAP-2 is widely accepted as an early marker of neural injury after hypoxic-ischemic insult and has also been shown in newborn rats 35 and piglets. 36 However, this is usually in association with some degree of necrotic/apoptotic cell loss and thereby indicating more severe and lethal brain injury, which was not the case in the present study as we have previously reported. 23, 24 Prolonged hypoxia in fetal sheep at midgestation 37 and induced growth restriction in fetal sheep 38 and guinea pigs 39 has been shown to alter dendritic morphology with decreased branching and elongation which might also be expected to decrease IR of MAP-2 although this has yet to be studied. Although the present findings of an increase in IR of MAP-2 in the near-term animals with the intermittent UCOs is therefore somewhat surprising, this may instead reflect the sublethal nature of these insults and segmental dendritic swelling or beading as seen in vitro in neuronal cell cultures after oxygen/ glucose deprivation. 40 The increase in IR of MAP-2 as a reflection of reactive dendritic change with the UCOs was greatest in the hippocampal CA1 region which might well be expected with this region particularly sensitive to hypoxic-ischemic insult during fetal development and more so closer to term. 38, 41 Contrary to the MAP-2 findings, intermittent UCOs over 4 days resulted in a decrease in IR of SYN in all brain regions of the preterm animals which was significant for the white matter, CA1, and thalamus but with no changes for any of the brain regions of the near-term animals. This would indicate a differential effect of these sublethal insults on presynaptic vesicle formation and dendritic branching and spine formation and thereby their regulatory mechanisms, to the extent that IR of SYN and MAP-2 broadly reflects these respective aspects of synaptogenesis. Although there has been considerable study of dendritic morphology and/or MAP-2 in the fetus or perinate in response to hypoxic conditioning as noted, there has been no parallel study of presynaptic vesicle formation and/or related protein markers such as SYN. The present findings with a decrease in IR of SYN in the preterm animals but no change in the near-term animals are similar to that we have reported for intermediate filament proteins 27 and BDNF and its highaffinity receptor TrkB 26 in these animals. This decrease in BDNF expression in response to intermittent hypoxic insult during the brain's development is likely protective to the extent that BDNF/TrkB-mediated effects on developing neurons, including synapse formation, require increased protein synthesis thereby enhancing energy demand. 4, 8 It is thereby likely that protein synthesis as an energy-using process is also disrupted with intermittent hypoxic insults and more so during earlier brain development, given the higher protein synthesis/ degradation at this time, 26 thereby accounting for the decrease in intermediate filament proteins for the preterm animals that we previously reported 27 and the decrease in IR of SYN now shown. Of note, the sublethal nature of the UCO insults studied while sufficient to impact growth processes within the brain 26, 27 have minimal effect on cellular necrosis/apoptosis 23, 24 consistent with the lack of any change in cellular density herein observed and accordingly should not be contributory to the present UCO-related findings.
In the present study, we have determined the developmental change in IR of MAP-2 and SYN in the ovine fetal brain with advancing gestation and in response to intermittent cord compression with marked but limited hypoxemia and no cumulative acidosis to ensure longer term survival. Immunohisotochemical methods use relative saturation methodology resulting in imprecise relationships between the amount of a given protein and its IR and thereby in quantification techniques using image analysis that are semiquantitative at best. Furthermore, the quantitative relationship between the amount of MAP-2 and the SYN (and thereby in their IR even if precisely measured) and dendritic branching versus dendritic spines, and presynaptic vesicle boutons versus synaptic contacts, respectively, is unknown and likely changes with the brain's development. 4, 42 Despite these limitations, when determining the intensity of staining as herein with MAP-2, or area of staining as herein with SYN, immunohistochemistry still serves as a useful method of quantification of the distribution of a given protein and by inference, the relative quantity in a brain region. Accordingly, the present findings support a developmental increase in presynaptic vesicles and/or nerve terminals in the gray matter of the ovine fetal brain over the latter part of pregnancy as expected but with concurrent refinement in dendritic branching and spine development which might then underlie the later elimination of redundant synapses. [1] [2] [3] 9 Fetal growth restriction which is known to be associated with chronic hypoxemia 43 is a risk factor for a range of neurologic adversities which may have a common basis with altered neuronal connectivity involving synapse and dendritic formation. [13] [14] [15] [16] [17] 44, 45 This has led to considerable animal modeling in fetal sheep and guinea pigs and showing altered presynaptic and dendritic development with induced growth restriction. 38, 39, 46 We now add to these findings showing that intermittent UCO as studied also impacts marker proteins for synaptogenesis, with IR of SYN overall decreased in the preterm animals when protein turnover is higher 26, 27 and indicating decreased presynaptic vesicle formation; whereas, IR of MAP-2 was selectively increased in the hippocampus and thalamus of the near-term animals, consistent with heightened vulnerability for neuronal injury at this time. 38, 41 Most importantly, these findings indicate that intermittent cord compressions as herein studied in the ovine fetus have the potential to disrupt synapse formation in the absence of gross neuronal injury. It remains to be determined whether such insults if more frequent and/or severe can lead to persistent changes in neural circuitry and underlie the increased risk of later subclinical neurodevelopmental deficits reported in infants with a symptomatic or tight nuchal cord at delivery. 21 
